Coherent Rabi response of a charge-phase qubit under microwave irradiation 
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We report on radio-frequency measurements of the charge-phase qubit being under continuous 
microwave irradiation in the state of weak coupUng to a radio-frequency tank circuit. We stud- 
ied the rf impedance dependence on the two important parameters such as power of microwave 
irradiation whose frequency is close to the gap between the two lowest qubit energy levels, and 
temperature of the internal heat bath. We have found that backaction effects of the qubit on the rf 
tank, and vice versa, tank on the qubit, lead to a negative as well as a positive real part of the qubit 
impedance YieZiuj) seen by the tank. We have implemented noise spectroscopy measurements for 
direct impedance readout at the extreme points corresponding to maximum voltage response and 
obtained absolute values of about 0.017 Q. for the negative and positive ReZ(aj). Our results demon- 
strate the existence and persistence of the coherent single- and multi-photon Rabi dynamics of the 
qubit with both negative and positive dynamic resistance inserted into the tank in the temperature 
range of 10 to 200 mK. 

PACS numbers: 03.75.Lm, 74.50.+r, 85.25.Cp 



I. INTRODUCTION 

Nowadays the problem is under intensive discussion 
of building a new class of information signal detectors 
based on solid-state Josephson qubits in which coher- 
ent phenomena like single- and multi-photon Rabi os- 
cillations occur.— i^i^i^i^i^ii The behavior of these detec- 
tors would essentially differ from that of quantum de- 
vices utilizing non-linear effects of macroscopic quantum 
tunnelling, macroscopic resonant tunnelling and super- 
position of macroscopic states by the presence of intrin- 
sic generation at the Rabi frequency. The variation of 
ground and excited levels population with the Rabi fre- 
quency results in a periodic alteration of the magnitude 
and sign of reactive parameter of the detector. Similar to 
the known classical electrodynamics of Josephson junc- 
tion in a resonatorjSiS the interaction of a weak signal 
from the tank circuit with Rabi oscillations may lead to 
synchronization effects and emerging the negative resis- 
tance, i.e. the signal amplificationiiSiiiii^ The amplitude 
of these effects will depend on the qubit decoherence time 
Tip (Rabi oscillations frequency band), the latter must ex- 
ceed the period of oscillations in the tank circuit coupled 
with the qubit, > T = 2'it/ijJt, where lot is the tank 
circuit resonant frequency. 

It was showni^ii^ that a qubit placed in microwave 
field might show Sisyphus cooling effectsiii^iiS. for the 
opposite limit < T « r^, i.e. when the qubit de- 
coherence time was less than the LC tank circuit os- 
cillation period which was about the relaxation time r^. 
The observation of the negative resistance inserted by the 
qubit into the tank circuit is possible in both cases. How- 
ever, the resistance value and its dependence on temper- 
ature, frequency and microwave power will substantially 
differ. In both cases, the characteristics of the qubit- 



detector system will depend on the qubit 's effective tem- 
perature Teff, which is contributed by the measurement 
process itself, the physical temperature of the bath Thath, 
the quality of thermalization^^ of the qubit input circuit 
(gates), etc. Note that, in a region of large T^/f val- 
ues, the observation of complicated classical electrody- 
namics is possible associated with so called pseudo-Rabi 
oscillations 



The aim of this work is to experimentally analyze co- 
herent processes in a charge-phase qubit-'^^'^^ being under 
continuous microwave irradiation in the state of weak 
coupling to a radio- frequency tank circuit. It is impor- 
tant to note here that our experiment is similar but not 
identical to that of Ref. [ij. In this paper we address the 
problem of the coherent single- and multi-photon Rabi 
dynamics of the charge-phase qubit with > T in a 
wide temperature range. The direct observation of ab- 
sorption and irradiation properties of a strongly driven 
qubit coupled to a rf tank circuit, being of fundamen- 
tal interest, also has potential applications for quantum 
detectors based on charge-flux qubits with self-Rabi fre- 
quency pumping. 



The paper is organized as follows. In Sec. II theoret- 
ical description of a strongly driven charge-phase qubit 
coupled to an rf tank-detector and analysis of measured 
output functions are given. The main Sec. Ill is devoted 
to detailed experimental investigation of coherent single- 
and multi-photon Rabi dynamics of the strongly driven 
charge-phase qubit probed by rf tank detector. 
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Figure 1: Circuit diagram of the charge-phase measurement 
system. The components situated at the lowest temper- 
ature are shown in the dashed box. The qubit and LC 
tank circuit parameters are: Lq ~ 0.9 nH, Ici,2 — 100 nA, 
Cg ~ 0.18 £F, Cji,2 ~ 2.0 fF, Lt ~ 0.17 ^iH, Ct ^ 165 pF, 
WT/27r = 29.8 MHz, Rt ~ 0.1 fi, Qo « 350; M « 0.365 nH 
and the parameter k^Qo ~ 0.3. The preamplifier and the part 
of the tank circuit placed on IK-pot are shown in the dotted 
boxes. All the electric lines are equipped with copper powder 
filters (CP) and attenuators (A). 



II. SYSTEM OF CHARGE-PHASE QUBIT AND 
TANK CIRCUIT 



The charge-phase qubit (Fig.[T]) is topologically a 
single-contact rf SQUID whose Josephson junction is re- 
placed by a single-Cooper-pair transistor . -'^^'^"i^^'^^ The 
latter consists of two mesoscopic junctions with Joseph- 
son energies Eji,Ej2 and capacitances Ci,C2, coupled 
by a small island. The Haniiltonian of the charge-phase 
qubit in the eigenstate basis within the two-level approx- 
imation {Ecp 3> £j{5)) and the small- inductance limit 
reads as^ii^i^ 

H, = ^AEa^ = ^[s'jid) + D\n,)]'/^a, , (1) 

where the effective Josephson energy ej{S) = {Ej^ + 
Ej2 + 2EjiEj2 cos (5)^/^ is a function of the total phase 
bias across both junctions S = ipi + ip2 {'Pi and ip2 
are phase differences at the individual junctions); D = 



Ecp{l 



parameter Ug = CgVg/e characterizes the 



polarization charge eug in the island controlled by the 
gate voltage Vg via the charge gate capacitance Cg, and 
Ecp = (2e)^/2Cs is the two-electron Coulomb energy 
of the island expressed through its total capacitance 
= C1+C2 + Cg regarding the rest of the system. The 
inductance Lq of the qubit loop is assumed to conform 
to the small- inductance limit (typically Lglc/^o ~ 10~^, 
$0 = h/2e is the flux quantum), so that the total flux 
through the qubit loop $ « $e, <^ ~ 27r$e/$o and the 



potential (Josephson) energy of the qubit is periodic on 
$. Thus, the charge-phase qubit design permits the im- 
plementation of an in-situ control of Josephson coupling 
energy £j{5) by means of external magnetic flux $e and 
the effective charging energy D{ng) by gate voltage Vg. 
The current operator of an isolated qubit corresponding 
to the Hamiltonian ^ is given by 



2edHq eEjiEj2sinS 



h 85 



h AE{ng,S) ' 



so that its basis states are discriminated by the two oppo- 
sitely circulating in the qubit loop supercurrents Ig that 
correspond to the ground and the excited qubit energy 
levels. 

In general case, at arbitrary ratio of the Josephson 
and charging energies ej{S)/Ecp (while the two-level ap- 
proximation H]) is determined by ej{5)/Ecp ^ 1) the 
energy spectrum and eigenfunctions of the charge-phase 
qubit are given, respectively, by the Bloch bands En{q, S) 
and the Bloch wave functions \q, 6; n) (n = 0, 1, 2... is the 
band index and q = eUg the quasicharge) that are nu- 
merical solutions of Schrodinger equation with Hamilto- 
nian containing all the charge states and periodic Joseph- 
son potential. ^^'^^ Then the lowest two energy levels 
n = 0, 1 form the basis of the charge-phase qubit, so 
that Hg = {l/2)AEa^, AE = Ei{ng,S) - Eo{ng,S). 

In our experiments the qubit is driven by coupling 
microwave field of frequency ujq and amplitude Vr to 
the voltage gate with constant voltage component Vgo, 
Vg = Vgo + Vrcosu>ot, and its dynamical properties are 
probed by the well-known rf SQUID impedance mea- 
suring technique^^i^ (IMT) following the conception of 
weak continuous quantum measurements] In 
the IMT the qubit is inductively coupled to a high-quality 
tank circuit serving as a linear detector. For the tank 
circuit driven by a small amplitude external rf-bias cur- 
rent Irf cos LOr ft thc measured output functions are the 
amplitude of the voltage oscillations Vt and the voltage- 
current phase shift ax- Also, the spectrum of voltage 
fluctuations S'v(w) in the undriven tank can be sensitive 
to qubit dynamics (the noise spectroscopy method). 

The IMT weak continuous measurements were effec- 
tively used for microwave spectroscopy and characteriza- 
tion of charge-phase qubitsj2^i^ There the resonant re- 
sponse of the qubit to microwave irradiation was observed 
through a change of the average qubit Josephson induc- 
tance making contribution to the reactive part of the tank 
impedance. Essentially different effects were predicted in 
Ref.fiol. when at resonant microwave irradiation there ex- 
ist coherent low-frequency (Rabi) oscillations in a qubit 
with frequency nearby thc tank resonant frequency. Then 
damping and amplification of the voltage signal Vt, with 
respective modification of the spectrum of voltage fluc- 
tuations Svi^^) in the undriven tank and its quality fac- 
tor, should be observed owing to insertion of the positive 
or negative dynamic active impedance (resistance) into 
the tank circuit from a qubit. These phenomena enable 
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probing the coherent properties of qubits necessary for 
quantum manipulations. 

In the presence of the qubit, at resonant condition 
ujrf — LOT of driving the tank, the expressions for its ef- 
fective damping rate 7^, the resonant frequency Ut, the 
amplitude of the voltage oscillations Vr and the voltage- 
current phase shift ar have the for m^°i^^ 



Vt 



rf 



1 



^[BL.PqUJTX'zzi^TW +1^ 



tan^T = -k^ Lqll'^x'zzi^r) , 
It 



(3a) 
(3b) 

(3c) 
(3d) 

where 7^ is the own damping rate of the tank, k = 
M / yjLxLq ^ 1 is the coupling coefficient, M is 
the mutual qubit-tank inductance, Lt and Ct are 
the inductance and capacitance of the tank respec- 
tively, and x'zz{^)-i^zz{^) ^'^^ the real and imagi- 
nary parts of the qubit magnetic susceptibility Xzz{'^)- 
The latter is defined by the relation {d{I)/dt)^ — 
Xzz{'-^)MIq{dlT / dt)^ and describes low-frequency re- 
sponse of a qubit to a tank probing signal. The rate of 
absorbtion of weak signal energy by a qubit from a tank 
U{uj) = {l/2)ujx'zz{^){MIqlTf {It = Vt/ojLt is cur- 
rent in the tank) , according to properties of generalized 
susceptibility.'^^ That is the function x'izil^) defines the 
absorption (^"^(w) > 0) and irradiation {x'Li^) < 0) 
properties of a driven qubit coupled to rf tank-detector. 

Renormalization ([3li), ^p) of the tank parameters 
^rp^ujT at resonance (w = lot) involves renormalization 
of the tank quality factor 



UJt ijJtLt ujt{Lt 
7t ~ Rt ~ Rt + R. 



— LOT — {LtCt) ■ 



Lq « LTk^Lqllx'zzi^T), Rq « UJtLt k'^ LqlqX'zzi^T), 

(4) 

where Lt = Lt + Lq is the effective inductance of the 
tank including inserted from the qubit inductance L^, 
and Rt = Rt + Rq is the effective resistance of the 
tank including inserted from the qubit resistance Rq 
[Rq{oj) = ReZ(ti;), where Z(uj) is qubit impedance seen 
by the tank]. The characteristic impedance of the tank 
at resonance 



Rc 



Vt_ 

Irf 



Q 



lotCt 



Q^Rt 



RtCj 



so that the tank voltage Vt is inversely proportional to 
the effective tank resistance Rt- The Lorentzian-shaped 
voltage fluctuations spectrum Syifjj) in the tank is char- 
acterized by the renormalized quality factor (|4]). 

For the special case of charge-phase qubits, the the- 
ory of Rabi oscillations and low-frequency qubit response 
have been investigated in Ref. J_l. The Rabi frequency ^ln 



of coherent low-frequency oscillations generated at near- 
resonant driving of the charge-phase qubit by microwave 
field reads as^^ 



i7o — noJo tan?7 J„(a), a 



HLOq, LOg 

2eVCg_ 



AE/h, |£| -Cwo, 



cos 77, 



(5) 

where f2o is the core n-photon Rabi frequency, tan 77 = 
£j{5) I D{ng) < 1. The most essential in our context low- 
frequency parts of the functions Xzz('^)j x"z('^) in the 
presence of Rabi oscillations have the forroii 



X'zzi^) 



^zz{^) 



{uo 



r 

{lo - nny + r2 ' 



(6) 



where F denotes the dephasing rate for the transverse 
component of the Bloch vector to determine the qubit 
dynamics, the polarization constant P = {e /^Ir){(^z) , 
(ctz) = Sp{p(Tz} = 1 - 2P+, P+ < 0.5 being the prob- 
ability of the qubit excited state [p the reduced density 
matrix of the qubit), at that < {<Tz) < 1. It is es- 
sential that the parameter P, and therefore x!zz{^) ^'^d 
the qubit-induced contribution to the effective damping 
rate of tank 7^1, ([3^), alter their sign when the detun- 
ing parameter e does so. Thus the effective resistance 
Rt contains a negative contribution Rq from the 

qubit at LOg{^e) < nLjjQ (e < 0, < jt) and a positive 
contribution at ti>g($e) > uloq (e > 0, 7^^ > 7t). 

As seen from dH]), the functions x'zzi'^) t x'zzi^) have 
non-monotonous resonant character near n-photon Rabi 
frequencies. In their turn, as follows from the 
weak continuous quantum measurement output func- 
tions VT,OiT of the tank-detector expressed through 
Xzz('^)j Xzz('^) have resonant contributions, conditioned 
by coherent Rabi dynamics of the qubit at ~ ujt 
with small damping and decoherence rates, F < ^ln. 
Notice that in previous spectroscopy experiments with 
charge-phase qubits^^i^ there was only small changing 
of the tank effective resistance (F > 17/? and x'zzi'^) ~ 
0, Rt ~ Rt) and the voltage Vt conditioned by Xzzl"^) 
could only decrease, as seen from (j3};). In case of coher- 
ent Rabi dynamics at Sl^ w lot-, x'zzi^) '^^^ he nonzero 
while x'zzi^) ~ 0, and the voltage Vt can both decrease 
or increase relative to the voltage level of the passive tank 
depending on sign of x'Li'-^T) oc Rq- 

Recently, quantum theory of the low-frequency linear 
susceptibility of flux and charge-phase qubits subjected 
to microwave irradiation was developed within the den- 
sity matrix formalism in Rcf. 12. This theory as well de- 
scribes parametric effects of reduction and amplification 
of signal and quality of the tank coupled to charge-phase 
qubits in the strong charge hmit Ecp ^ ej(7r). 

The above theoretical outline gives only a qualitative 
picture of the effects in the system of charge-phase qubit 
and tank-detector and cannot afford for their quantita- 
tive description. Firstly, the charge-phase qubit has such 
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parameters that Ecp ^ ejC"") in our experiment, while 
its Hamiltonian and the energy spectrum are of more 
comphcated structure as compared to the two-level ap- 
proximation II]), and numerical solving the Schrodinger 
equation is needed for this structure to be found. An- 
other important feature is a strong nonlinearity of the 
qubit's response to external electromagnetic excitation 
due to Josephson character of the energy potential for 
the quantum coordinate of the system. As shown in 
the quantum-mechanical model of a SQUID ring cou- 
pled to an electromagnetic field^^ the energy levels of the 
SQUID with coherent dynamics of magnetic flux when 
excited by strong electromagnetic field change so dramat- 
ically in time that their time averages essentially differ 
from the initial system levels. The shape of the time- 
averaged energy levels (£'o)(*i'e), (-E'i)(<I'e) in the high- 
power electromagnetic field depends on its frequency and 
amplitude in a complicated manner showing compression 
between the levels and the interference patterns of reso- 
nant interactions between the two lowest ones. Similar 
by their nature effects are observed in nonlinear quan- 
tum optics. So, a two-level atom in strong electromag- 
netic field demonstrates nonlinear effects of compression 
its energy (quasi)levels and Stark effectf^l Another ba- 
sic aspect of the theoretical consideration of quantum 
dynamics of the qubit-detector system is taking into ac- 
count the temperature effect resulting in finite width of 
the signal generation band in the qubit and in the tank, 
thus determining eventually the shape of the observed 
signal characteristics. 



III. CHARGE-PHASE QUBIT AND 
EXPERIMENTAL RESULTS 

A. Qubit calibration 

The sample (see Fig.[T]) was fabricated by electron 
beam lithography and conventional two-angle technology 
of aluminum thin film deposition to create two meso- 
scopic Josephson junctions with area Sjij2 ~ 3.5 • 
10"' nm^, tunnel resistance Rji^2 ~ 3.0 kfi and £'71,2/^1 — 
53 GHz. The evaluation of i?ji,2 was obtained from di- 
rect measurements of the tunnel resistance of a large-area 
"witness". Analysis of the scanning electron micrograph 
of the sample shows that the areas of the Josephson junc- 
tions in this charge-phase sample differ by appr. 15 %. 
The difference between the contacts areas determines the 
asymmetry of the critical currents and leads to the opti- 
cal evaluation of minimal value of the effective Josephson 
energy £j{iT)/h — \Eji — Ej2\/h w 7 GHz of the Cooper- 
pair transistor. The two-electron Coulomb energy evalu- 
ated on the basis of the geometric transistor capacitance 
is Ecp/h « 17 GHz. Real value of Eqp may be some- 
what smaller due to effect of the stray capacitance of the 
island. Thus, the two characteristic energies in the given 
qubit are of the same order of magnitude and meet the 
adiabaticity condition £,7(71) < Ecp < Aai{0). 



Choosing Ecp ^ instead of strong condition 

Ecp ^ we decrease the influence of nonequi- 

librium noise of the charge on coherent dynamics of 
the qubit f2, With the same aid^^i^ both the ratio 
(Cg/Cs)^ 2 -10"^ and the ratio of the real part of 
the charge-gate line impedance to the quantum resistance 
KeZg{uj)/ Rq 10~^, where i?Q = ft/4e^, are made small 
in the given sample of charge-phase qubit. To reduce the 
qubit effective temperature Te//, all the input electric cir- 
cuits were thoroughly filtered by multiresonance (Cu)0 
powder filters, and the voltage supply resistor along with 
the last stage of the copper filter of the charge-gate line 
were placed onto 10 mK refrigerator stage for better ther- 
malization. 

The island volume permits one making an estima- 
tion of the number of states Nef / and the characteristic 
temperature^ T* = AAi{0)/kB\nNeff ~ 120 mK above 
which the number of the quasiparticle excitations in the 
island abruptly rises from zero. 

The charge-phase qubit Hamiltonian ([T]) is sensitive 
to any changes in magnetic flux coupled to the super- 
conducting loop. To minimize the external flux noise, 
the qubit superconducting loop is implemented as a 1st 
order gradiometer with minimum distance between the 
coils. The achieved balancing accuracy (difference be- 
tween the areas of the gradiometer coils) is of the order 
of one part in 10'^. 

To read the change in the amplitude Vr and phase 
ax of the oscillations, the tank circuit was linked to a 
preamplifier placed on 1 K-pot and room temperature 
electronics. It should be emphasized that the part of 
the tank circuit kept at temperature T « 1.7 K (1 K-pot) 
(see Fig.[T]) is a source of high-frequency photons that 
can affect the qubit. Moreover, in addition to amplify- 
ing the in-band Rabi-signal, it is obvious that preampli- 
fier can also irradiate at extremely high frequencies thus 
increasing the effective temperature T^jf of the qubit. 
The qubit decoherence due to back-action from both the 
tank circuit and the preamplifier depends on many pa- 
rameters and was not analyzed yet in detail. We will 
return to this problem below. To reduce Te/f, the cou- 
pling coefficient was decreased to /c « 0.0295 that led 
to the parameter k^Q « 0.3. However, coupling to the 
tank circuit cannot be made arbitrarily small in Rabi 
qubit-based detectors for the purpose of reducing deco- 
herence and should be optimized. We have found that 
k^Q ~ 0.3 is close to the most optimal value that pro- 
vides maximum (Rabi)signal-to-noise ratio due to effect 
of the high-frequency photons from the measuring circuit. 
This value substantially differs from the usual match con- 
dition fc2Q > 1 for classic rf SQUIDs-^i^i^i Despite the 
main part of the tank circuit is placed at T ~ 10 mK, its 
effective noise temperature ~ 400 mK in our exper- 
iments. It can be shown'^'^"^^ that at flp — lot the tank 
with impedance ojtLtQ — llkfi at mutual inductance 
M = k^fLjEq ~ 0.365 nH in the band 7t — 85 kHz con- 
tributes sufficiently small noise flux ^ 2 • 10~^$o to 
the qubit outside the region of exact resonance. 
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The previous measurements displayed that superfluous 
noises from the microwave hne at galvanic coupling with 
a qubit were unavoidable. Therefore all experimental re- 
sults were obtained with the qubit placed in a Pb res- 
onator in the region of maximum electric field. The qubit 
was then continuously irradiated with a microwave field 
to introduce an alternating voltage component Vr coswo^- 
So, the capacitance C'e formally galvanicly coupled to the 
charge gate capacitance Cg in Fig.[T]denotes, in fact, cou- 
pling of the qubit charge gate to a microwave field. Since 
the distribution of the electric field only approximately 
corresponds to that expected for an ideal resonator, we 
made preliminary measurements of the qubit response to 
the microwave field as a function of its frequency in the 
range of 6.6 to 8.0 GHz. 

The detailed analysis of the qubit dynamics has shown 
that extremal positive (peak) and negative (dip) re- 
sponses Vri^e) to low-amplitude microwave field was 
observed at frequency / = luo/2tt = 7.27 GHz, with 
small deviations 0.010<l>o and 0.017$o from the point 
$e = 0.5$o- Assuming that the single-photon pro- 
cess of the higher-level excitation occurs at frequency 
/ — 7.27 GHz, we find the effective Josephson energy 
£j{TT)/h « 6.4 GHz. 



B. Single-photon Rabi response 

Assumed that one should observe resonant parametric 
response of the qubit in the region of Rabi frequencies 
~ LOT when the microwave field frequency was near 
that of single-photon transitions, we investigated in detail 
dependencies Vri^e) and ari^e) at various amplitudes 
(powers) of the microwave field. Typical measurement 
results at / = 7.27 GHz are shown in Figs. [5^, b. It is 
clearly seen from these curves that the single-photon res- 
onant response predicted by ([3]) - ([5]) and smeared out by 
temperature noise and coupling to the readout device is 
observed at an optimal microwave power. The decrease, 
as well as increase, of the microwave power compared 
to its optimal value results in falling of the resonant re- 
sponse amplitude that is explained by the rise of the de- 
tuning ^ = ^R{Vr) - LOT- 

The variations VT(*&e), Q;T(*&e) in these experiments 
are measured simultaneously and, since the rf genera- 
tor frequency is chosen from the condition Lo^f = iOT-, 
then the technique sensitivity is maximal to the change 
in the oscillations phase. On the contrary, sensitivity 
of the voltage channel to small changes of the resonant 
frequency of the tank lot near lot ~ ^rf is minimal. No- 
tice the two-photon resonant response seen fairly well in 
Q!T($e) curves in the vicinity of <I>e = 0.53$o (Fig.H^) 
whereas having signal-to- noise ratio SjN w 1 at VT(<&e) 
characteristics. The decrease of the amplitude of the two- 
photon resonant response relative to the single-photon 
one in Fig.l^h- agrees with the theoryiS that predicts 
the longest decoherence time in the point of symmetry 
*e = 0.5$o. 
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Figure 2: Experimental results for the charge-phase qubit 
placed in the region of the maximum electric field under con- 
tinuous microwave irradiation with / = 7.27 GHz. a) Set 
of the curves of the voltage-current phase shift aT(3'e/'&o) 
in the tank circuit, b) Set of the curves of the amplitude of 
the voltage oscillations VT('l?e/'l"o) in the tank circuit. The 
curves parameter is the microwave power. The arrows de- 
note extrema of aT($e/$o), ^T('&e/'i&o) for single-, two- and 
three-photon excitations. The signal shape near resonances is 
determined by the finite width of the Rabi generation band. 
The maximum response is observed at P « —65 dBm. 



In general case, variations of the phase as well as the 
amplitude of the parametric oscillations in the tank cir- 
cuit are bound to the change of its resonance frequency 
and quality. Thus, presented in Fig.[2ti.,b dependencies 
«T('E'e)) ^^T(^e) qualitatively confirm existence of the 
low-frequency part of the charge-phase qubit susceptibil- 
ity functions ([6]) as the Rabi frequency Slij of the qubit 
passes through the resonant frequency lot of the tank. 
Let us consider the evolution of the signals Vr in vicinity 
of the point (5 = tt. As it follows from the expressions 
([3|), Rabi-response of the qubit in the point (5 = tt should 
vanish to zero proportionally to the square of the circu- 
lating current At low amplitudes of the microwave 
field the responses Vr are really small as it is seen from 
Fig. [lb- However, at power P = —65 dBm noticeable 
shifts AVt (as well as Aa^) are observed that points out 
to appearance of circulating current in the point (5 = tt in 
the expense of deviation of time-averaged eigenenergies 
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Figure 3: Noise spectroscopy. Set of curves of noise spec- 
tral density of the tank circuit as a function of frequency 
obtained at optimal microwave power {P ^ —65 dBm) in ex- 
treme points: 1 — <E>r'''= « $o(0.5 ± 0.010) {QP""'' ?s 360), 2 
— $f p « $o(0.5±0.017) (Q"*'" « 260), and in the degeneracy 
point 3 — $e ~ 0.5$o (Q ~ 301). The resonant frequencies 
u}t/2tt in these points are: 29.803, 29.770, 29.795 MHz respec- 
tively. 



from stationary eigenenergies.-2^ 

We use the noise spectroscopy method for the direct 
impedance measurements. In this case the generator cur- 
rent Irf = 0, and the tank circuit is excited by thermo- 
dynamic fluctuations while its characteristics depend on 
the impedance inserted from the qubit under continuous 
irradiation. Fig. [3] displays the noise spectral density as 
a function of frequency for the two extreme ("peak" and 
"dip") points denoted by arrows in Fig.l^b and at the 
degeneracy point 5 = tt. It is seen from these amplitude- 
frequency characteristics measured at minimal influence 
of the tank circuit on the qubit that Rabi oscillations re- 
sult in visible change of the tank quality and shift of the 
tank resonant frequency in the "peak" and "dip" $e- 
points (curves 1 and 2 in Fig.[3l respectively). The sign 
of the inserted from the qubit Rabi-impedance is deter- 
mined by the sign of the detuning e = ujg—ujo between en- 
ergy gap u}g{^e) and microwave field frequency loq. From 
the quality factor values and the resonant frequencies in 
the extreme points indicated in Fig. [3] and using we 
will obtain that the maximum value of the negative re- 
sistance inserted into the tank Rg — RP'^"-^ Ki —0.0173 57 
practically coincides with the maximum positive resis- 
tance K, 0.0176 51 by absolute magnitude while the 
alteration of its sign implies the transition from the 
irradiation to the absorption properties of the qubit. 
The inductance contributions in these points are small 
(ipeafe ^ -0.53-10-3ij,,LfP « IM-IQ-^Lt) and are 
also of opposite signs. Note that similar electrodynamics 
is typical for the parametric interaction of a resonator mi- 
crowave signal with Josephson oscillations.^ In this clas- 
sic analogue, the maximum amplitude of the parametric 




Figure 4: Set of curves VT('&e/4>o) obtained under microwave 
irradiation with frequency wo = 7.27 GHz. The microwave 
field amplitude is optimal for each curve. The curve parame- 
ter is the refrigerator temperature. 



effect is determined by fluctuations of the average con- 
tact voltage that lead to broadening of the Josephson 
generation band. So, assuming that the rise of the qubit 
temperature in the considered case of Rabi oscillations 
will result in broadening of their spectrum, one should 
expect some decrease in amplitude of the inserted nega- 
tive impedance with increasing the bath temperature. 

The analysis of temperature dependencies demon- 
strates that the amplitude of the inserted resistances 
j^peak ^ j^dip -^^j^j^j^ experimental accuracy does not de- 
pend on Thath in the interval Thath = 10 - 40 mK. The 
amplitude of the inserted impedance decreased by 15% 
at Tbath — 60 mK and the extrema in curves Vri^e/^o) 
smooth out in the interval 60 ~ 100 mK . The increase of 
the bath temperature up to 150 - 200 mK leads to the 
dramatic fall of the amplitude AVr- Note that the calcu- 
lated temperature T* = 120 mK, at which abrupt decay 
of the coherent effects is expected, is close to the exper- 
imental data. The coherence degradation at T > T* 
is accompanied by fast shortening of the decoherence 
time and widening of the Rabi oscillation band. Fur- 
ther temperature Ttath rise up to 300 - 350 mK causes 
Rabi-impedance of the qubit seen by the tank vanishing 
to zero (AVt = 0) within the noise level, i.e. the coherent 
Rabi effects disappear. 

The minimal effective temperature of the qubit esti- 
mated to be Tef / w 80 niK is determined mainly by the 
effect of the readout circuit (tank-detector and HEMT 
amplifier) and leads to sufficiently large uncertainty in 
the magnetic flux 5$ ~ (fcsLqTe//)^/^ ^ 0.01$o for 
the qubit under consideration. Anyway, the dependence 
ReZ(tt') oc x'zzi^) on the microwave power and the tem- 
perature indicates the presence of coherent quantum os- 
cillations at low temperatures that have potential appli- 
cations as a self-Rabi pumping signal in quantum infor- 
mation detectors. 
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It is seen from the results presented in Fig.[4]that at the 
bath temperature 350 mK near $f p ^ $o(0.5±0.017) the 
" dips" are yet observed and associated with the processes 
of noncoherent quantum tunneling of Cooper pairs, with- 
out forming a superposition of the charge states. There- 
fore, the contribution of the coherent oscillations in the 
given temperature interval is described as the difference 
between the values of VT(^'e) obtained at 10 and 350 niK. 
Taking into account that, at optimal amplitude of the mi- 
crowave field, presence of the coherent oscillations leads 
to 20% change in the tank quality, the evaluation can be 
made at our parameters for the minimum decoherence 
time T™" > 27r/wT « 0.033 ^s. While the charge-flux 
qubit is an ideal frequency downshifter, one can evalu- 
ate then Tip from the high-frequency resonance lincwidth 
that yields 3 times as large values of ~ 0.1 /iS. 

According to the theory,— the enhancement of Qq is 
possible not only at the expense of lowering the noise 
temperatures of the qubit and the tank but also due to 
narrowing the n-photon resonance band when going to 
the region of the multi-photon Rabi oscillations. The 
evidence of the two- and three-photon resonances in a 
similar charge-phase qubit were demonstrated in previous 
work.— 



C. Multi-photon Rabi response 

It foUows^^ from the theory of two-lewel atom in strong 
low-frequency electromagnetic field that the quality of 
multi-photon resonance considerably rises while the res- 
onance order grows owing to coherent addition of individ- 
ual transition amplitudes. The narrowing of distribution 
of the excited level occupation probability must result 
in a natural filtration of noise photons in the discussed- 
above effect of the interaction between the tank circuit 
current and the Rabi-like oscillations in the charge-phase 
qubit. At the same time, the amplitude of the synchro- 
nization effect causing the energy irradiation (absorp- 
tion) by the qubit at frequencies close to that of the 
multi-photon Rabi oscillations may increase. In other 
words, the signal characteristics, the conversion steep- 
ness and the sensibility of a parametric detector based 
on charge-phase qubit must enhance when coming to the 
multi-photon excitation. Depending on the interplay be- 
tween quantities included in Hamiltonian ([T]), such a de- 
tector could be sensitive to the induced charge like rf-SET 
detector^ and to the magnetic flux like SQUIDs^^i^l and 
detectors based on the flux qubit f2S 

Spectroscopic studies were performed in wide (1 - 
8 GHz) frequency range to find the frequencies of the 
multi-photon resonances of the charge-phase qubit (rig sa 
1 , (5 ~ tt) . At sweeping the frequency of small-amplitude 
microwave field the time-averaged upper level occupa- 
tion probability goes through a pronounced maximum 
at frequency values meeting to the exact multi-photon 
resonance condition^^ that lead to maximum qubit re- 
sponse. However, the effectiveness of excitation of the 
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1 2 3 4 5 6 7 8 
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Figure 5: Resonant excitation of the charge-phase qubit. Am- 
plitude Vt(/) and phase arif) of the tank circuit oscilla- 
tions {MIt < 10~*$o,<jJr/ ~ (^t) vs. frequency of the mi- 
crowave field in the charge gate of the charge-phase qubit 
with Tig « 1,5 « TT. The 1/f noise level becomes important 
because of long-continued (4 hours) spectrum registration. 
Multi-photon resonance from the ground state to the first 
excited state induced by the photon frequency / « 1.4 GHz is 
clearly seen. The generator microwave field amplitude is kept 
constant P — — 60dBm when frequency sweeping, the bath 
temperature being 10 mK. 

multi-photon resonance depends on the generator power 
and the distribution of the field in the resonator. So, 
if for a certain frequency of the multi-photon resonance 
the charge-phase qubit is situated in a peak of the elec- 
trical field then the amplitude Vr cos ujQt at the charge 
gate reaches its maximum. 

During the multi-photon experiments, the parameters 
of the charge-phase qubit, its position inside the res- 
onator and the measuring circuitry (Fig.[T]) to detect the 
response by the technique of weak continuous measure- 
ment remained the same, as in "single-photon" measure- 
ments described in previous section. 

It follows from the results of the level spectroscopy 
shown in Fig. [5] that under given condition the five- 
photon resonance is easily excited at a frequency close 
to 1.4 GHz (7.27 GHz/1.4 GHz « 5). Note that the 
microwave generator-to-resonator and resonator-to-qubit 
transmission lines have their own resonances (frequency- 
dependent coupling between the MW-generator and 
qubit). This evokes a non-monotonic frequency depen- 
dence of the injected microwave power and, with taking 
into account the nonlinear transformation in the qubit, 
to the appearance of additional spectral lines. Noticeable 
spread in the peaks positions along the frequency axis 
and excessive peak width in Fig.[5] are associated with 
a drift of the qubit parameters (1/f noise) because of 
long-lasting (~ 4 hours) frequency sweeping. Therefore, 
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Figure 6: Set of signal characteristics ari^e/^o) of charge- 
phase qubit in microwave field in the vicinity of five-photon 
resonance at the bath temperature 10 mK. The curves pa- 
rameter is the microwave frequency. The generator power 
P = —63 dBm is kept constant for all the curves. The charac- 
teristics set (a-e) reflects the dependence of the probability ex- 
citation on the frequency at positive (a), (b) and negative (d), 
(e) detuning relative to resonance frequency / — 1.444 GHz 
(c). 



at the next stage, analyzing the qubit response axif) 
to microwave field in a narrow frequency band, we have 
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Figure 7: Set of signal characteristics QT(<!?e/*E'o) of charge- 
phase qubit in microwave field with frequency / = 1.444 GHz. 
The curves parameter is the microwave power. It is well seen 
that the dependence taken at P = —65 dBm practically co- 
incides with the curves obtained at P = —63 dBm and at 
frequencies 1.460 GHz and 1.435 GHz, see Fig. [6^,6. 



found the resonant frequency for five-photon transition 
was close to / = 1.444 GHz. 

To determine the effective width of the resonance line 
(quality factor), two series of measurements were per- 
formed of the phase of oscillations in the tank circuit 
as a function of the magnetic flux applied to the qubit 
and the microwave field parameters: (i) - aT{5) at a 
fixed microwave field amplitude Vr for several frequen- 
cies near / = 1.444 GHz and (ii) - ay (5) at the res- 
onant frequency / = 1.444 GHz for several microwave 
field amplitudes. Typical results for the measurements 
of the series (i) and (ii) are shown in Fig. [5] and Fig. [3 re- 
spectively. Since maximum detuning of the microwave 
generator from the resonance for the set presented in 
Fig. [6] is small Awq/cjo — 0.014, the power in the chan- 
nel can be considered then as being practically constant 
while sharp dependence of the q;t(<5) shape on the mi- 
crowave field frequency should be associated with the 
quality of the five-photon resonance. It follows from the 
comparison between the series of the measurements (i) 
and (ii) that drop in the microwave field power by 2 dB 
at fixed frequency / = 1.444 GHz (couple of curves in 
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Figure 8; (a) Signal characteristics a^'^\$e/^o) of charge- 
phase qubit in microwave field {P — — 70dBm, / — 
1.444 GHz) for two values: rig « 1 (1) and Ug ^ (2) in 
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Figure 9: Interference-induced variation in signal character- 
istics aT("I>e/$o) of the charge-phase qubit at the symmetry 
point <I>e = 0.5"I>o. Maximum aT(0.5<l?o) ~ 0.5 (a) transforms 
into minimum qt(0.5$o) ~ —0.4 (b) when the microwave fre- 
quency is detuned by A/ = 5 MHz (A/// = 0.0035) at fixed 
microwave generator power P — —63 dBm. 



Fig. [7^ and Fig.[7j3) results practically in the same trans- 
formation of the ariS) shape as when the microwave field 
frequency changes from / = 1.444 GHz to 1.460 GHz 
or to 1.435 GHz at a fixed generator power (couple 
of curves in Fig. [51; and Fig.[B^ or Fig.[Bl: and Fig. [5^, 
respectively). Therefore, the effective quality of the 
five-photon resonance in the charge-phase qubit reaches 
Qn=5 = 1.444/(1.460 - 1.435) « 58 at 2dB change of 
the microwave power. Taking the two shape-alike depen- 
dences at positive (Fig.lHb) and negative (Fig.lHJi) detun- 
ing and assuming that the population at a multi-photon 
resonance is almost symmetric with respect to the de- 
tuning sign, we will have for the resonance frequency 
/ = (1.440 + 1.450)/2 « 1.445 GHz that is close to the 
value determined earlier. 

Owing to the high effective quality of the five-photon 
resonance, the response of charge-phase qubit to the 
charge variation considerably increases as compared to 
the case of single-photon excitation. As it is seen from 
Fig. [SI the change of the polarization charge by Aug « 1 
causes AS ~ O.OItt shift of the peaks and dips associ- 
ated with the qubit's functions x'{^)jX"{^)- For the 
single-photon Rabi response we get the values which are 
five times as little. Typical amplitudes of change of ax 
in the five-photon experiment is almost a factor of 5 as 
compared to single-photon measurements giving an es- 
timate for the minimum decoherence time of the five- 
photon Rabi oscillations — 0.17/iS. This confirms the 
above assumption about lesser effect of noise in the region 
of the multi-photon resonances. In connection with this 



it should be noted that the measurement of the charging 
energy Ec p of Hamiltonian ([1]) of a charge-phase qubit 
in the single-photon resonance mode may bring up con- 
siderably overestimated total capacitance of the island 
Cs because of the charge gate noise. 

The characteristic behavior of ariS) shown in Figs. [5] 
- 18] indicates that if the qubit is excited at frequencies 
close to those of the five-photon resonance then peaks 
and dips are observed (like in the case of the single- 
photon excitation) caused by the alteration of sign of 
the Rabi-impedance inserted in the tank circuit when 
crossing the resonance region hcoo = AE{S,ng). The in- 
crease in the tank circuit quality observed at the single- 
and five-photon excitations reflects the fact that the mi- 
crowave field energy being transformed by the qubit into 
Rabi-like oscillations is transferred to the tank circuit. 
The decrease in the quality corresponds to the reverse 
energy flow. 

The interference character of the interaction between 
the microwave field with frequency ujq and the time- 
dependent frequency equivalent energy gap ujg{S,ng) of 
the charge-phase qubit leads to a sharp dependence of the 
shape of the signal characteristics of the qubit detector on 
the microwave field parameters. An example of such a de- 
pendence which emphasizes high sensitivity of the multi- 
photon spectroscopy is shown in Fig. [51 In this case, the 
peak observed at 5 — n and frequency / = 1.435 GHz 
transforms into a dip with shifting the frequency of the 
microwave field by 5MHz, i.e. A/// 3.5-10"'^. 

Observed quasiperiodicity of the signal characteristics 
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<^t{S),Vt{5) of the charge-phase qubit (see Fig.[6l [T]) is 
determined by the behavior of the quasienergy (qubit 's 
macrolevels) population in the magnetic and electromag- 
netic fields. The rise of £j{6) when deviating the external 
magnetic fiux from 0.5$o leads to meeting the resonant 
conditions for resonances of higher order, and the time- 
averaged upper level occupation probability reaches its 
maximum. If the microwave power is then such that the 
frequency of the excited multi-photon Rabi oscillations 
is close to the tank circuit frequency, the interaction be- 
tween the Rabi oscillations with the tank circuit oscilla- 
tions will turn again to the parametric increase (decrease) 
of the signals. The typical period of such dependence on 
the magnetic flux is determined by the product of the 
Josephson energies of the qubit 's contacts which enter 
into the expression for ej(5). 



IV. CONCLUSIONS 

We have described experiments which demonstrated 
the coherent Rabi-like oscillations in a charge-phase qubit 
being under continuous microwave irradiation involv- 
ing single- and multi-photon quantum dynamics in the 
state of weak coupling to a radio- frequency tank-detector. 
Our results show that the charge-phase qubit appears 
to be quite sensitive as a quantum parametric detec- 
tor with self-pumping provided by inner Rabi genera- 
tion (Figs. 2, 6-9). In the first series of experiments 
we measured the magnetic flux dependence of the qubit 
response, the qubit being irradiated by microwave field 
with frequencies in the region of the single-photon tran- 
sitions (Fig.[2|). It was shown by the noise spectroscopy 
that the extrema appeared in the signal characteristics 
ari^e/^o), Vri^e/^o) were mainly due to increase and 
decrease of the tank circuit quality and reflected the fact 
that the power in these (corresponding to the extrema) 
points flowed from the microwave fleld into the tank cir- 
cuit (peaks) and vice versa (dips) (Fig. [3]). With the 
microwave power at its optimum value to provide the 
maximum response, we observed the resistance ReZ(a;) 
inserted from the qubit into the tank circuit at the ex- 
trema points rapidly fell in the region T w 150 - 200 mK 
approaching to zero in 250 - 350 mK region within the 
experimental uncertainties (Fig.[3]). We believe that the 
effective noise temperature of the qubit T^ff w 80 mK 
and the decoherence rate in our experiments are deter- 
mined by irradiation from the part of the tank circuit 
and the transistor placed at T w 1.7K. The development 
of an improved type of readout with small backaction ef- 
fect would be a major step forward for further improving 
characteristics of the qubit detector with self-pumping 
by intrinsic Rabi generation. At the same time, the ex- 
tension of theory to nonzero temperatures would be of 
great significance for understanding the temperature ef- 
fect on the coherent quantum phenomena in qubits and 
conditioned by them detected signals. In second series 
of the experiments we measured the qubit responce to 



variation of the magnetic flux and the electric charge in 
microwave field near the five-photon resonance (Figs.[n]~ 
ini). An enhancement of the quality of the multi- photon 
resonances, as it was supposed according to the theory,?^ 
results in the partial filtration of noise photons and the 
increase in amplitude of the signal characteristics of the 
detector associated with the multi-photon Rabi oscilla- 
tions. The fact that the high transducing steepness is 
observed at the point 6 — tt ioi some signal characteris- 
tics axis) in the region of five-photon resonance points 
out to a sharp dependence of quasienergy on microwave 
power and, hence, to strong nonlincarity of the system 
at high powers 
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